The effectiveness of thermoelectric (TE) materials at converting heat gradients into electricity, and vice versa, is quantified by the dimensionless figure of merit, ZT. Current TE materials, such as Bi 2 Te 3 and PbTe, have ZT values of approximately 1, but contain highly toxic and/or rare elements, which limits their widespread use. However, Si is a non-toxic, inexpensive, and abundant element. Even though bulk Si exhibits good electrical properties, its lattice thermal conductivity (¬ lat ) is high (>100 Wm ¹1 K
Introduction
Thermoelectric (TE) power generation that converts exhaust heat into electricity, which is estimated to comprise 70% of all primary energy, has received much attention recently. Generally, current TE modules are fabricated by successively bonding p-and n-type TE materials in a ³ pattern, which are then sandwiched between ceramic plates. By creating a temperature difference between the upper and lower sections of the module, it is possible to extract an amount of electricity that is proportional to the temperature difference. To increase the energy-conversion efficiency of TE power-generating modules, the temperature difference can be increased and/or the TE figure of merit (ZT ) of the TE materials can be improved. Examples of conventional TE materials include Bi 2 Te 3 , PbTe, and Si-Ge alloys. These materials exhibit optimal performance at room temperature, 700 K, and 1000 k (and above), respectively. However, these materials are composed of toxic or rare elements, such as Bi, Te, Pb, and Ge. The maximum ZT value for such bulk TE materials is approximately 1. In addition, the conversion efficiencies of TE modules based on these materials are approximately 78%, but they are dependent on the temperature difference applied to the modules. Highly efficient bulk TE materials that have ZT values greater than 2 (equivalent to a conversion efficiency of 20%) for temperatures ranging from room temperature to 700 K and contain no toxic or rare elements are needed for the practical implementation and industrialization of TE power generation. Such materials could be applied to various applications, including exhaust-heat regeneration in cars and at manufacturing plants.
Si has many advantages, such as low toxicity, high abundance, large volume of distribution, the facile fabrication of p-and n-type Si, the availability of low-cost, highquality materials, and the easy implementation of Si in devices. Therefore, Si has been recognized as a potential candidate for high-performance bulk TE materials. However, bulk Si exhibits an extremely high lattice thermal conductivity (¬ lat ), which results in a ZT value of approximately 0.2 at 1100 K. The ¬ lat of an undoped Si single crystal is approximately 140 W ¹1 m ¹1 K ¹1 at room temperature, which is around 200-times larger than that of Bi 2 Te 3 . The ¬ lat of Si is intrinsically high because it is a light element that has a simple, covalently bonded, crystal structure. However, dramatic improvements to the ZT value of Si have recently been achieved by controlling the nanoscale structure of Si to reduce ¬ lat significantly. In this review, we discuss the results of these recent studies of nanostructured, Si-based, TE materials, and we raise a number of issues regarding the current level of research. In addition, we have included a summary of the studies that we have been conducting to resolve such issues, as well as the outcomes attained thus far. High TE properties have also been reported for Si ribbons.
Recent Studies
36) A ZT value of 0.4 was achieved at room temperature with p-type Si ribbons (width = 13 µm, length = 2050 µm) that had a uniform array of nanoholes (diameter = 55 nm).
3) The Si ribbons with nanoholes were fabricated by carrying out reactive-ion etching on a Si-oninsulator (SOI) substrate. In addition, Si films with nanoholes (diameters = 1116 nm), which were created via electronbeam lithography, have been reported to exhibit ¬ values of 2 Wm ¹1 K ¹1 or lower. 4) It has also been reported that ¬ values less than 1 W ¹1 m ¹1 K ¹1 can be achieved with porous Si materials by optimizing the distribution, size, and porosity of the nanoholes. 5) However, porous Si materials have a drawback in that the electrical conductivity (·) is reduced because of the reduction in the carrier mobility (®). This reduction in ® is believed to be due to the scattering of charge carriers by the surface layers of SiOH and SiO x H y . 5) Therefore, maintaining pristine surfaces is important for preventing the scattering of charge carriers in Si ribbons that have nanoholes.
6)

Bulk Si nanocrystals
As described in section 2.1, Si nanowires and Si nanoholes exhibit high TE properties. However, the use of such finely structured Si materials is limited because they are not suitable for mass production. Therefore, bulk nanomaterials that have finely controlled nanostructures, even though they are bulk-scale materials, are required for practical applications. The bulk Si nanocrystals discussed in this section have received much attention recently as potential candidates for inexpensive, non-toxic, highly efficient, bulk nanostructured TE materials. The TE properties of n-type bulk Si nanocrystals were reported by Bux et al. 7) The ¬ value of the bulk Si nanocrystals fabricated was approximately 12 W ¹1 m ¹1 K ¹1 at room temperature, and a ZT of 0.7 was achieved at 1275 K. A combination of ball milling and pressure sintering has been adopted to fabricate bulk Si nanocrystals. More specifically, Si is first ball-milled in a glove box under a regulated atmosphere until it becomes a nanoscale powder. The Si nanopowder is then sintered by either spark plasma sintering or hotpressing. A bulk Si nanocrystal that has a finely controlled internal nanostructure is obtained after the sintering process. The nanostructure that maximizes the TE performance has been investigated by optimizing the ball-milling and pressure-sintering conditions. One research group has reported high TE properties for bulk Si nanocrystals that were fabricated by sintering n-type Si nanoparticles, which were synthesized from silane gas via a vapor-phase synthetic route, with the resulting product exhibiting a ZT value of 0.5 at 1223 K.
8) The ¬ value of such Si nanocrystals can be explained by using a model that accounts for the nanoscale phonon scattering occurring at the crystal grain boundaries. 9) 3. Challenges for the Further Development of Nanostructured, Si-Based, TE Materials
As reported previously, the electrical characteristics of Si nanostructures did not deteriorate much after the nanostructuring process, which resulted in only ¬ lat being reduced. Achieving a high, reproducible, ZT value is required for the practical implementation of bulk, nanostructured, Si-based bodies in TE power-generating modules. The current Si nanostructures that exhibit high ZT values are available in two formats: either finely structured Si, e.g., Si nanowires, or bulk Si nanocrystals. The former is extremely important for validating the principles used to improve the ZT value of Si via nanostructuring. On the other hand, the latter is important for fabricating bulk bodies with high ZT values, good reproducibility, and control over the carrier scattering at the grain boundaries of the Si nanocrystals. However, currently used fabrication methods, such as ball milling or vapor-phase synthesis and the subsequent spark plasma sintering or hotpressing, result in oxidation of the nanoparticle surfaces and sintering-induced grain growth. Therefore, developing methods that resolve these issues, i.e., simple and easy methods for reproducibly preparing bulk Si nanostructures with grain boundaries that do not disrupt the transport of charge carriers, is considered the most important topic for the further development of bulk, nanostructured, Si-based, TE materials. The studies that we are currently conducting to resolve such issues are discussed in the next section.
Summary of Our Activities and Achievements
Regarding Nanostructured, Si-Based, TE Materials
Si/metal-silicide-based thin-film nanocomposites
The nanocrystallization of thin films of a-Si can be used to fabricate Si nanocrystals with grain boundaries that do not cause the scattering of charge carriers. Thin films of a-Si can be easily fabricated via sputtering. We have investigated the Si polycrystals produced by crystallizing a-Si for various applications, including thin-film transistors and thin-film solar cells. However, because larger crystal grains are preferred for such applications, crystallizing a-Si at the nanoscale has not attracted much attention.
It was recently discovered that the processing of a-Si that contains a small concentration of Mo under appropriate conditions leads to the simultaneous crystallization of Si and Mo silicide nanocrystals, which results in the formation of nanocrystal composites. 10, 12) Figure 1 shows a transmission electron microscopy (TEM) image of a Si/Mosilicide thin film that was fabricated by using a sputtering target with a 1 : 12 ratio of Mo to Si (expressed as MoSi 12 ). The dark regions correspond to the Mo silicide, while the light regions correspond to the Si. This image confirms that nanocrystals with diameters of approximately 10 nm were grown. In addition, adding P and B to the sputtering target facilitated the fabrication of both n-and p-type materials, respectively. Nanocrystal composites that are similar to those derived by using Mo can be fabricated by using transition metals, such as Ni, W, Cr, or Nb.
Of the various transition metals, a p-type Si/Ni-silicide nanocomposite (composition = NiSi 20 ) has been reported to have the highest TE properties at the time of writing, with ¬ and ZT values of 3.4 Wm ¹1 K ¹1 and 0.1, respectively at room temperature. 11, 12) The temperature-dependent behavior of the electrical properties and ¬ for the NiSi 20 nanocomposites is assumed to follow the trend shown in Fig. 2 , which shows the temperature dependence of ZT. These values exceed those of pure Si nanocrystals that were reported by Bux et al. 7) For future studies, we will attempt to enhance ZT further by improving · through the orientation of the crystals.
Nanoeutectic Si/metal-silicide melt-spun ribbons
We are currently investigating the melt-spinning of nanoeutectic alloys that are composed of Si and metal silicides, with the aim of generating self-assembled nanostructures via the coagulation of the liquid phase. CrSi 2 exhibits relatively high intrinsic TE properties and forms crystals with Si. Therefore, composite materials composed of Si and CrSi 2 are believed to have significant potential as TE materials. A eutectic alloy of Cr 14.9 Si 85.1 , which was approximately one to a few micrometers thick, was fabricated via arc melting, with the resulting alloy depicted in the scanning electron microscopy (SEM) image shown in Fig. 3(a) . When this system was doped with 2 mass% of B, which acts as a source of p-type carriers, it exhibited a high power-factor (S 2 ·) of 2.9 © 10 ¹3 Wm ¹1 K ¹2 and ¬ value of 35 Wm ¹1 K ¹1 at room temperature. The melt-spinning of this alloy, which was performed with a single Cu-based rolling device at a peripheral velocity of 52 ms ¹1 , resulted in ribbonshaped specimens that were approximately 7 µm thick. The SEM image of the free surface (i.e., the surface that was not in contact with the roller) of a ribbon-shaped specimen is shown in Fig. 3(b) . The dark regions are the Si phase, while the light regions are the CrSi 2 phase. The eutectic interval was approximately 2040 nm, and the structure was refined to approximately 1/100 of that of the arc-melted specimens. The structure of the melt-spun ribbons featured the characteristic lamellar structure with the corresponding size-distribution and alignment of the structures. The coagulation occurred in a unified direction from the surface that was in contact with the roller to the free surface. The value of ¬ for this ribbon at room temperature was 12 Wm ¹1 K ¹1 , which is approximately 1/3 of that exhibited by the arc-melted alloy. On the other hand, the power factor was 2.5 © 10
¹3
Wm
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, and the high intrinsic electrical properties of the Si and CrSi 2 were not degraded. The successful fabrication of a nanostructure with favorable boundary characteristics was achieved via the formation of a self-assembled, refined, nanoscale structure. However, the method to fabricate bulk versions of the ribbon-shaped specimens is a challenge for the future because the grains of such materials tend to grow at high temperatures.
Self-assembly of bulk Si via nanoprecipitation
In order to understand phonon scattering at the boundary surfaces that form between the matrix phase and precipitates, the precipitation of the second phase at the nanoscale in the matrix phase of the TE material has attracted much attention recently. Such a phenomenon has been demonstrated with Pb-containing chalcogenides, such as PbTe and PbS, which resulted in a large decrease in ¬ lat , as well as the associated significant increase in ZT. Our group has recently improved ZT via a similar mechanism by using Si doped with a small concentration of Ge. In addition, the precipitation of a secondary P-rich phase, which was approximately 5100 nm in size (Fig. 4) , was achieved in bulk Si by heavily doping it with P and using a combination of arc melting and spark plasma sintering. Figure 4 shows that there are two types of precipitated P-rich phases: a spherical phase that is approximately 5 nm in diameter and a bar-shaped phase that is approximately 20 nm in length. The former contacts with the matrix phase in a coherent manner, while the latter contacts with the matrix phase in a semi-coherent manner, which was confirmed by high-resolution TEM observations. This coherent and semi-coherent bonding results in the effective scattering of phonons without affecting the transport of electrons, resulting in a significant increase in ZT. The optimized structure was found to have a composition of Si 97 Ge 3 P 3 , which produced a maximum ZT value of 0.6 at 1050 K.
13)
Conclusions
In this review, the TE properties of various Si-based nanostructures were summarized. High ZT values have been achieved with a number of different Si-based nanostructures. Furthermore, the smallest ¬ value reported to date, which was approximately 1/100 of that of bulk Si, was achieved by inhibiting the deterioration of · via the coupling of Sinanodot crystals with aligned crystallization orientations. 14) However, it is true that the estimated standard required for the practical implementation of TE power generation (ZT = 1) has not been achieved with a high degree of reproducibility when using bulk bodies. On the other hand, recent attempts have been made to evaluate the performance of TE materials in a comprehensive manner by considering the toxicity and cost of the raw materials, as well as the ease of manufacture, and not merely focusing on ZT. 15) Thus, bulk nanostructured Si shows potential as a TE material based on such aspects. For example, a relatively high ZT value can be achieved with a good degree of reproducibility by using simple and universal methods, as described in Section 4.3. In addition, further improvements in such materials can be expected in the future. However, because there is a limit to the extent that ZT can be improved via nanostructuring alone, it is important to incorporate complimentary effects that are either incidental to nanostructuring or intentionally added. The authors of this review have been conducting studies with the aim of demonstrating the validity of such phenomena with Si nanostructures by focusing on modulation doping 16 ) and the energy-filtering effect. 17) Fig. 4 (a) TEM image of a bulk Si 97 Ge 3 P 3 sample that contains P-rich nanoscale inclusions, which range from 5100 nm in size. (b) The nanoscale inclusions effectively scatter heat-carrying phonons, but do not affect the charge carriers.
